In order to gain a better understanding of the nature of nuclear dbf-related (Ndr) protein kinase homologs in monocots, three cDNA clones were isolated from common wheat (Triticum aestivum) by data mining of expressed sequence tag (EST) databases, and their primary structure was determined by reverse transcriptionpolymerase chain reaction (RT-PCR), 5′-rapid amplification of cDNA ends (RACE), and nucleotide sequencing. Deduced amino acid sequences of the cDNA clones contained all 12 highly conserved subdomains of the eukaryotic Ser/Thr protein kinase, including the ATP-binding site (in subdomain I-II) and the Ser/Thr protein kinase active-site (in subdomain VI). The sequences also contained an insert of 56 amino acids between subdomains VII and VIII, and three conserved Ser/Thr residues, being characteristic of the Ndr family of eukaryotic protein kinases. A sequence comparison among cDNAs from wheat and those from ancestral diploid species (T. boeoticum, Aegilops speltoides and Ae. squarrosa) revealed that at least three homeologous genes were expressed in hexaploid wheat. The results confirmed the usefulness of current EST databases including KOMUGI for gene cloning of wheat, since the use of specific primers designed with information about EST sequences has considerably facilitated the cloning of rare cDNAs such as Ndr.
Introduction
Although common wheat (Triticum aestivum) is one of the world's most important crops, molecular cloning and functional analysis of wheat genes have been hampered by the large genome size, polyploidy, and a lack of molecular tools such as ESTs, ordered genomic clones, and genetagged lines. In addition, due to the difficulty in obtaining transformants, wheat is not a suitable material for molecular studies. However, the recent development of wheat EST databases such as KOMUGI (http://shigen.lab.nig.ac.jp/wheat/ komugi/top/top.jsp) has dramatically changed the situation; presently, the number of EST sequences deposited in databases has grown to a point where it is comparable to that of ESTs for the model plant Arabidopsis thaliana, and now wheat can be considered to be a primary source for gene cloning.
We have recently cloned and characterized three cDNAs encoding novel protein kinases in the 'AGC' group from radish, to gain a better understanding of the nature of plant protein kinases in the group (Imai et al. 2003) . Based on the sequence and structural similarity, we concluded that the protein kinases are plant homologs of the fungal cot1-like (Yarden et al. 1992 ) and animal Ndr protein kinases (Millward et al. 1995 ) (hence we designated the radish genes as RsNdrs). The results also showed that RsNdrs consist of a small multi-gene family in radish. However, no information is available about the Ndr family of protein kinases in monocots. The main purpose of the present study was to examine for the first time the gene encoding Ndr protein kinase in monocots. Ndr is a conserved and widely expressed nuclear protein kinase, first isolated and sequenced in humans, D. melanogaster and C. elegans (Millward et al. 1995) . Although an entire signal transduction cascade in which Ndr is involved has not yet been elucidated, Ndr is considered to be important for the regulation of cell growth, cell division and cell morphology (Millward et al. 1999 , Tamaskovic et al. 2003 . In the present study, three cDNA clones encoding a Ser/Thr protein kinase which is homologous to Ndr, were isolated by data mining of the wheat EST database KOMUGI, and the primary structure of these cDNAs was determined by RT-PCR and the 5′-RACE method. The results showed the presence of at least three homeologous genes in common wheat, each of which was expressed in young seedlings. The usefulness of the current wheat EST databases for gene cloning was also examined.
Materials and Methods

Data mining and primary RT-PCR
The database KOMUGI, developed within the framework of the National BioResource Project in Japan, and the GenBank database were searched using the sequence of a radish Ndr1 cDNA (DDBJ accession no. AB105045) as an electronic probe, and 19 homologous EST sequences were selected. Figure 1 shows the selected EST sequences and their alignment into a contig for the construction of a hypothetical cDNA sequence. Although some heterogeneity was present among the sequences, the existence of several conserved regions allowed us to synthesize a primer pair, F01 (= 5′-GGTGCTATCATGTATGAAATGC-3′) and R01 (= 5′-TTGTAATACACATGCTCGTCAG-3′), to be used in the initial RT-PCR to amplify the last half (~1 kb) of a hypothetical cDNA (Fig. 1) . Total RNA was isolated from young seedlings of the wheat cv. Chinese Spring, using an RNeasy plant mini-kit (Qiagen), and RT-PCR was performed. The RT-PCR products of an expected size (ca. 0.95 kb) were cloned into a plasmid vector, pGEM-T Easy (Promega), and their nucleotide sequences were determined using either an ALFexpress (AP Biotech) or a CEQ2000 (Beckman coulter) DNA sequencer.
5′-RACE and sequence analysis of full-length cDNAs
Since few EST clones were located in the predicted 5′-region of the cDNA (Fig. 1) , RACE was performed with the primers 5′RACE1 (= 5′-TGCAGGTCGACATTGAACC-3′) and 5′RACE2 (= 5′-GCATTTCATACATGATAGCACC-3′) designed from the DNA sequences of the initial RT-PCR products. A primer, 5′UTR1 (= 5′-GGTATTGACCGCTTCA GAGC-3′), which is specific to the 5′-end of cDNA, was designed from the consensus sequence of the RACE products. Putative full-length cDNAs were then amplified in wheat by RT-PCR using 5′UTR1 and another primer, 3′UTR1 (= 5′-TTCAATTGTAATACACATGCTCG-3′), whose sequence was taken from a consensus sequence of distal EST clones. Complete nucleotide sequences of the putative full-length cDNAs were determined after cloning of the RT-PCR products into a plasmid vector as previously described. The sequences of a full-length cDNA for Ndr were also determined for the ancestral diploid species, i.e. T. boeoticum, Ae. speltoides and Ae. squarrosa, by cloning of the RT-PCR products. The cDNA sequences were deposited in the DDBJ database under accession nos. AB179753-AB179755 and AB180739-AB180741. The nucleotide and deduced amino acid sequences of the cDNAs were analyzed using the software GeneWorks (Oxford Molecular Group), Clustal W at Genomenet (http://clustalw.genome.jp/), PAUP* version 4.0 (Swofford 2002) , and the BLAST program at NCBI (http:// www.ncbi.nlm.nih.gov/BLAST/).
Results and Discussion
Primary structure of cDNAs encoding putative wheat Ndr A single fragment of expected size (~2 kb) was amplified by RT-PCR with the primer pair 5′UTR1 and 3′UTR1 (Fig. 2a) . The size of this fragment was similar to that of a hypothetical cDNA obtained by the assembly of EST sequences. Three clones with a putative full-length cDNA were selected and their complete nucleotide sequences were determined. Two of the clones (1-7 and 1-9) contained an RT-PCR product with 2094 bp. The remaining clone (2-3) contained a 2093 bp product (Fig. 3) . All three clones contained a single ORF with 1674 bp encoding a protein with 557 amino acids and a calculated molecular mass of 64 kDa. Although the overall DNA sequences for the three clones were quite similar, three, 15 (14 synonymous and one nonsynonymous) and seven nucleotide differences were observed in the 5′-UTR and 3′-UTR coding regions, respectively (Table 1) . Three insertions/deletions were also found in the 3′-UTR region of the cDNAs. The deduced amino acid sequences of the three cDNA clones were nearly identical, only one amino acid difference (Gly vs. Ser, at position 539) was present between clone 2-3 and the others (Table 1) . The deduced amino acid sequences of the three clones contained all 12 highly conserved subdomains of the eukaryotic Ser/ Thr protein kinase (Hanks and Hunter 1995) , including the ATP-binding site (in subdomain I-II) and Ser/Thr protein kinase active-site (in subdomain VI) (Fig. 3) . The sequences also contained an insert of 56 amino acids between subdomains VII and VIII, and three conserved Ser/Thr residues (Fig. 3) , being characteristic of the Ndr family of eukaryotic protein kinases (Tamaskovic et al. 2003) .
Relationship of wheat Ndrs among plant protein kinases
In order to determine the relationship of the wheat Ndrs among plant protein kinases, a phylogenetic analysis was carried out using the deduced amino acid sequences. Since more than 1,000 genes may encode an eukaryotic protein kinase in Arabidopsis (Wang et al. 2003) , and the 'protein kinases' consist of highly diverse families of proteins that differ in structure and function, a limited comparison was made for this purpose. Using the BLAST program, closely related sequences, including eight hypothetical protein kinases in Arabidopsis, and putative protein kinases in tobacco (NTPKTL7), ice plant (MCPRTKINA) and spinach (SOPRTKINA) (GenBank accession nos. X71057, Z30329 and Z30330, respectively) as well as radish RsNdrs, were selected from the databases. Some plant protein kinases which had been classified into the 'AGC group' were also included in the analysis, as well as AK1 (GenBank accession no. NM 120569) (Harper et al. 1993 ) which belongs to the calciumdependent protein kinase (CDPK). The latter was used as an outgroup. Figure 4 shows a tree for the phylogenetic relationships among the selected plant protein kinases. The tree indicated that the deduced amino acid sequences of wheat Ndrs formed a cluster with the aforementioned putative protein kinases, and that they could be clearly distinguished from those of other 'AGC' protein kinases such as PVPK1 (Lawton et al. 1989) . It is interesting to note that the wheat Ndr sequences were more similar to some Arabidopsis sequences (e.g., At2g20470) than those of RsNdr1 and its Arabidopsis homolog At5g09890, though the RsNdr1 sequence was used for selecting wheat ESTs from the database. In Arabidopsis, probably eight genes encode protein kinases homologous to Ndr. The presence of a small multigene family for Ndr is also expected in other plant species. The three different cDNA clones characterized in this report should be considered to be the products of homeologous genes in hexaploid wheat (see section 'three cDNAs are derived from homeologous genes in the A, B and D genomes of wheat'). Therefore, other members of a Ndr family are likely to be found in wheat with the accumulation of more data.
Three cDNAs are derived from homeologous genes in the A, B and D genomes of wheat
Wheat is a hexaploid species consisting of A, B and D genomes, and 14 out of 15 nucleotide differences in the coding region of the cDNAs are synonymous. This observation prompted us to determine whether each of the three cDNAs was derived from homeologous genes of wheat. RT-PCR was performed with total RNA isolated from the ancestral diploid species, i.e. T. boeoticum, Ae. speltoides and Ae. squarrosa containing the A, S and D genomes, respectively, and the corresponding cDNAs were cloned after PCR (Fig. 2b) . Table 2 summarizes the nucleotide differences among each of the wheat cDNA clones and each of the cDNA clones isolated from the ancestral species, while Figure 5 depicts a tree showing the relationship among the six cDNA clones. The data indicated that clones 2-3, 1-9 and 1-7 from wheat were similar to those of T. boeoticum, Ae. speltoides and Ae. squarrosa, respectively, suggesting that they are homeologous genes in the A, B and D genomes of wheat, respectively. Analysis using nulli-tetra-somic lines of common wheat will provide further evidence for this assumption. Since all the homeologous Ndrs were expressed in wheat, functional differentiation among the three genes requires further studies.
EST databases as an essential source for the cloning of wheat genes
The wheat genome (16,000 Mb) is much larger than the genome of the model plant Arabidopsis (125 Mb) or another important crop, rice (430 Mb), for which the genome sequence has been determined almost completely. Although a wheat genome project such as IGROW (Gill 2003) has been proposed, the task is extremely challenging and will take a long time. Among the current activities undertaken to construct the infrastructure for the molecular study of wheat, the development of several EST databases is one of the most successful, and has already provided useful information for the cloning of wheat genes. When we started the present study, the number of EST sequences deposited in KOMUGI was 116,232, being comparable to or exceeding that of Arabidopsis and rice. The number of ESTs deposited in public databases is 555,472 and still increasing.
In the present study, the complete cDNA sequence of Ndr was revealed in monocots. Our previous study showed that the level of mRNA for Ndr was very low in radish leaves (data not shown), and a low level of mRNA accumulation is also expected for wheat seedlings. The absence of EST in a cDNA library from seedlings supports this assumption, though the high sensitivity of the RT-PCR method enabled us to obtain a cDNA fragment from total RNA prepared from seedlings. Specific, not degenerate, primers designed with information about EST sequences, has considerably facilitated the cloning of rare cDNAs such as Ndr. It should be noted that 13 out of 19 EST clones were derived from a cDNA library constructed with the RNA from a pistil at heading time (Fig. 1) , suggesting the existence of a specific 
A nonsynonymous substitution is indicated by a boldface letter, whereas a deletion is denoted by a hyphen. Fig. 4 . Tree showing the relative relationship of wheat Ndrs among selected plant protein kinases in the AGC group. The bootstrap percentage of each clade after 1000 replications is indicated above the branch. The source of the protein kinases not referred to in the text is as follows; ATHPK5 (Hayashida et al. 1993) (DDBJ accession no. D10909), ATHATPK64 ) (DDBJ accession no. D10937), G11A (Lawton et al. 1989 ) (GenBank accession no. J04556), ATHATPK ) (DDBJ accession no. D10910) and PsPK5 (Lin et al. 1991 ) (GenBank accession no. M92989).
pattern of Ndr expression. Due to the availability of sequence information, it will be easy to search for other Ndr homologs in wheat and other monocots including rice and maize. More studies on Ndr at the protein level will provide further insight into the possible important functions of this protein kinase in planta. The numbers below a diagonal indicate the absolute base differences between cDNAs, whereas those above a diagonal show the distance estimated by Kimura's 2-parameter method. 2) 1-7, 1-9 and 2-3 denote the cDNA clones isolated from wheat, whereas spl, btc and sqr represent those from Ae. speltoides, T. boeoticum and Ae. squarrosa, respectively. 1-7, 1-9 and 2-3 denote the cDNA clones isolated from wheat, whereas btc, spl and sqr indicate those isolated from T. boeoticum, Ae. speltoides and Ae. squarrosa, respectively. The bootstrap percentage of each clade after 1000 replications is indicated above the branch. Letters in the parentheses indicate the nuclear genome formulae of the species from which cDNA clones were isolated.
